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INTRODUCTION
Ionizing radiation produces reactive oxygen species both as the result of primary interaction with tissue and as a secondary consequence of biological injury (reviewed in refs. 1, 2). Acute and persistent oxidative stress are important components of radiation injury (3) . However, deciphering the role of ROS in radiation injury is complicated because normal cellular processes release ROS even in the absence of radiation exposure. Mitochondrial energy metabolism and accompanying leakage from the electron transport chain release superoxide and other species in normal cells (4) . Immune and inflammatory processes can also be a significant source of ROS (5) . Regardless of their origin, ROS produce similar oxidative lesions in DNA. If ROS production is one of the major mechanisms of radiation injury, then increasing the levels of endogenous ROS should have many of the same biological effects as radiation exposure.
Prior work has established the zebrafish embryo as a model for studying effects of ionizing radiation exposure in an intact organism (6) (7) (8) . We have previously developed a model in which pre-early gastrula embryo is exposed to low doses of ionizing radiation (7, 10) . Exposure at this stage results in a linear, dose-dependent increase in the number of TUNEL-positive apoptotic cells, with no apparent threshold (8) . Attenuation of expression of the DNA repair proteins, Ku70 and Ku80, increases the number of apoptotic cells, whereas attenuation of expression of the zebrafish homolog of tumor suppressor TP53 decreases apoptosis (7). Together, these data indicate that short-term cytotoxic effects of radiation in this system are attributable to DNA damage.
In the present study, we sought to address a simple question: does elevation of endogenous ROS produce the same or different effect as exposure to low doses of ionizing radiation in the zebrafish embryo model? To increase the levels of endogenous ROS, we exposed embryos to menadione (2-methyl-1,4-naphthoquinone). This compound undergoes an enzymatic one-electron reduction, using flavoproteins as the donor, to form a semiquinone radical. This rapidly converts O 2 to a superoxide, which can produce more toxic ROS, including hydroxyl radicals (11) . The reaction regenerates the quinone, which can then enter into a new cycle of ROS production. Menadione has been widely used in studies of oxidative stress, including studies in aquatic model organisms (12, 13) .
We report here the results of direct comparison of menadione and radiation treatment in the zebrafish model. We also report the effects of the attenuation of DNA repair protein expression on sensitivity to these two stressors. Results suggest that the effects of endogenous ROS and radiation are mechanistically distinct in this model.
MATERIALS AND METHODS

Zebrafish Methods
Experiments were carried out according to protocol number BR09-10-259 approved by the Institutional Animal Care and Use Committee of Georgia Health Sciences University. The institution's animal facilities and program are accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International and the United States Department of Agriculture. Experiments were performed using wild-type Tüebingen or brass zebrafish embryos and standard protocols for breeding and staging (14, 15) . To minimize the effect of genetic variability, each experiment was performed with embryos from a single clutch, containing 200 or more embryos with a minimum of 20 embryos per experimental group. Each experiment was repeated with at least two clutches and each figure shows representative embryos from within an experimental group.
Menadione and Radiation Exposure
Menadione was prepared as a stock solution in DMSO. At the early gastrula stage, approximately 6 h after fertilization, embryos were transferred to a container with the indicated concentrations of menadione and a final concentration of 1% DMSO in water. Control groups were exposed to DMSO alone. After 60 min, embryos were transferred to water and development was allowed to continue. Irradiation was performed, also at the early gastrula stage, using a Gammacell Exactor
137
Cs irradiator (MDS Nordion, Ottawa, ON) at a dose rate of approximately 1 Gy/min. For irradiation, embryos (;1 mm diameter) were placed in petri dishes containing a small amount of water. Control groups were transported to the irradiator, but were not irradiated. Radiation doses were as follows: 0, 0.15, 0.50 and 1.5 Gy. Dosimetry was performed using thermoluminescent dosimetry devices (Landauer Inc., Glenwood, IL) placed in the irradiator on top of dishes containing the embryos. At 24 or 48 h after fertilization, embryos were examined for gross morphological abnormalities or processed to detect apoptotic cells by the TUNEL assay. In the groups that received both radiation and menadione, radiation was delivered first and was followed by exposure to menadione.
Imaging Methods
Gelatin sectioning of fixed zebrafish embryos was carried out as described previously (3) . Embryos to be sectioned were fixed as in 3% paraformaldehyde, transferred to a solution of 30% sucrose in PBS and incubated at room temperature for 2 h with mixing. Embryos were transferred to PBS containing 15% gelatin for 6 h at 378C, then transferred to PBS containing 25% gelatin and incubated overnight at 378C. Single embryos were transferred in PBS containing 25% gelatin to aluminum foil molds and oriented. The gelatin was allowed to set at room temperature for 1 h, then at 48C for 1 h and the embryos were stored at À208C. The gelatin block was mounted on a cryostat chuck using OCT embedding medium (Bayer, Elkhart, IN), and trimmed and 14 mm sections were cut. Sections were placed on slides (Superfrost Plus, VWR, West Chester, PA) and were air dried overnight. Gelatin was removed from slides by incubating in distilled water at 508C for 15 min. Sample were then mounted with a coverslip and aqueous mounting buffer. DNA fragmentation in apoptotic cells was detected by TUNEL assay as previously described (16) . Dechorionated embryos were fixed in 4% cold paraformaldehyde in PBS for 6 h and dehydrated in a graded ethanol series (50%, 70%, 85%, 95%, 100%), followed by 20 min in acetone at À208C. The embryos were further permeabilized by incubating in PBS with 0.5% Triton X-100 and 0.1% sodium citrate for 15 min and in 20 lg/ml Proteinase K for 10 min. The samples were refixed with 4% paraformaldehyde before incubation with terminal deoxynucleotidyl transferase solution according to the manufacturer's instructions (In Situ Cell Death Detection Kit, Roche Applied Science). Detection of ROS in live embryos was performed using an Image-iT LIVE kit according to the vendor's protocol (Molecular Probes, Inc., Eugene, OR).
Attenuation of Ku80 Expression by Morpholino Oligonucleotide Treatment
An antisense phosphorodiamidate morpholino oligonucleotide (MO), (5 0 -TGCTGGCTTCCGCTCGTGCCGAATT, Gene-Tools, LLC, Philomath, OR) was diluted to 5 lg/ll in 23 injection buffer and microinjected into the yolk of 1-cell embryos (7) . Control embryos were injected with buffer alone.
Embryo Viability
Determination of embryo viability was made at 24 and 48 h after fertilization following treatment (menadione of IR) and compared to non-treated controls. Embryos were scored as either alive (presence of heartbeat) or dead.
RESULTS
Effects of Menadione Treatment on ROS Levels and Development
To investigate the effects of exposure to endogenous ROS in the zebrafish model, we treated pre-early gastrula embryos (6 h after fertilization) with 3 or 10 lM menadione in 1% DMSO. To confirm that this treatment resulted in elevated levels of ROS, we stained the embryos with 5-(and 6-) carboxy-2 0 ,7 0 -dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA), an indicator of intracellular ROS levels (17, 18) . The dye undergoes oxidation to a green fluorescent form in the presence of high levels of endogenous ROS. Exposure of the pre-early gastrula embryo to 3 lM menadione at 6 h after fertilization led to a marked increase in green fluorescence at 24 h after fertilization, and exposure at 24 h after fertilization led to a similar increase at 48 h after fertilization (Fig. 1A) . The results indicated that menadione treatment leads to persistent elevation of ROS. One percent DMSO alone did not have any adverse effect on the embryos.
To investigate the biological effects of elevated endogenous ROS, we treated embryos with menadione at 6 h after fertilization and examined the embryo morphology and the amount of TUNEL-staining at 24 h after fertilization (Fig. 1B) . Treatment with 3 lM menadione produced a mild developmental delay, relative to untreated or 1% DMSO-treated control embryos. Treatment with 10 lM menadione produced a more severe delay and in some experiments was lethal. We did not observe consistent changes in the pattern of TUNEL staining in control and treated embryos. In all cases, there was a 500 SHORT COMMUNICATION modest and somewhat variable number of apoptotic cells, consistent with the pattern that is expected in normal development. Notably, treatment with 10 lM menadione, which produced severe developmental delay, had at most a modest effect on TUNEL staining.
To investigate whether the effects of menadione exposure were reversible, we exposed embryos at 6 h after fertilization (for 60 min), transferred them to normal conditions in water and allowed development to continue. Embryos that were exposed to 3 lM menadione typically showed complete recovery at 48 h after fertilization and were indistinguishable from embryos in the control groups. Embryos that were exposed 10 lM menadione showed a somewhat more variable pattern of recovery. Although some embryos remained severely affected or eventually died, others showed evidence of partial recovery (Fig. 1C) .
Effects of Radiation and Menadione are Phenotypically and Mechanistically Distinct
We next performed an experiment to directly compare the effect of low-dose (0-0.5 Gy) radiation exposure and menadione treatment. To assure that results within the experiment were comparable, all embryos were from the same clutch. Embryos were irradiated or exposed to menadione at 6 h after fertilization. The morphology and number of apoptotic cells, as determined by TUNEL staining, were examined at 24 h after fertilization as in Fig. 1 . Consistent with prior work (8), low-dose radiation exposure was associated with a modest, dose-dependent increase in TUNEL staining with no apparent effect on embryo morphology. By contrast, menadione exposure was associated primarily with developmental delay (Fig. 2A) . The effects of radiation and menadione are clearly distinct. Radiation exposure exacerbated the effects of menadione and vice versa, as evidenced by the heightened developmental effects of 3 lM menadione in embryos that were also exposed to radiation (in Fig. 2A compare sub-panels k and o with panel c) and the increased TUNEL-staining in embryos that were exposed to radiation and to menadione ( Fig. 2A  compare sub-panels o and p to panel m) .
The zebrafish embryo model affords the ability to transiently attenuate gene expression by microinjection of antisense morpholino oligonucleotides (MOs). We have previously shown that microinjection of a Ku80 MO sensitizes embryos to radiation and that the effects can be reversed by co-injection of an antisense-resistant Ku80 mRNA (7) . To test the effect of attenuation of Ku80 expression on menadione sensitivity, we injected single-cell embryos with 5 ng Ku80 MO as described in ref. (7). Embryos received either the indicated dose of Embryos were exposed to 3 lM menadione at 6 h after fertilization and stained with carboxy-H 2 DCFDA and imaged at 24 h after fertilization or exposed at 24 h after fertilization and stained and imaged at 48 h after fertilization. Fluorescence indicates ROS induction. Anterior is at the top left, posterior is to the bottom and the large sphere is the yolk. Panel B: Menadione treatment leads to developmental delay. Embryos were exposed to DMSO vehicle alone or to the indicated concentrations of menadione (3 lM or 10 lM) at 6 h after fertilization and was processed for TUNEL staining at 24 h after fertilization. Orientation is as in panel A. Note that the presence of some apoptotic cells is a feature of normal development. Developmental delay is particularly evident at 10 lM menadione where the embryos fail to develop normal head and tail regions and more resemble 16-18 h after fertilization embryos rather than 24 h after fertilization embryos. Panel C: Effects of menadione are partially reversible. Embryos were exposed to DMSO vehicle alone or to the indicated concentrations of menadione at 24 h after fertilization, and whole mount specimens were prepared at 48 h after fertilization. Note that sub-panels d and e show variability in the severity of the observed phenotype.
SHORT COMMUNICATION radiation or menadione at the pre-early gastrula (6 h after fertilization) stage, were allowed to continue development until 24 h after fertilization, and were processed to detect apoptotic cell death by the TUNEL assay. Microinjection of the Ku80 MO had no effect on menadione-induced developmental delay (Fig. 2B , compare sib-panels b and e), but increased sensitivity to radiation, as expected (Fig.  2B, panels c and f) . In a control experiment, microinjection of Ku80 MO had no effect on its own in the absence of other treatments (Fig. 2B, panels a and d) . The finding that the Ku80 MO sensitized embryos to low-dose radiation but not to menadione provides further evidence that these two stressors work by different mechanisms.
Embryo Viability
Determination of embryo viability was made at 24 and 48 h after fertilization following treatment with menadione or radiation, and was compared to nontreated controls. Embryos were scored as either alive (presence of heartbeat) or dead (absence of heartbeat). With the exception of treatment with 10 lM menadione, where we observed an increase in embryonic death of 2-5%, we did not observe an increase in embryonic death in all other treatments.
DISCUSSION
ROS are omnipresent in cells and tissues as the result of normal oxidative metabolism and other physiological processes. At the same time, it is known that many of the effects of ionizing radiation on cells and tissues are attributable to ROS chemistry. These facts support a hypothesis that endogenous ROS and low-dose radiation exposure may affect organisms in the same way. Moreover, the hypothesis predicts that, as dose decreases, the distinctive effects of radiation might vanish against the natural background of endogenous ROS.
Experiments here were designed to test this hypothesis in an intact vertebrate organism. The zebrafish embryo affords a feasible model to address this question. Because zebrafish embryos are small and develop outside the mother, introduction of the pharmacologic agent, menadione, into the embryorearing medium results in elevated ROS throughout the organism. Because they are optically transparent, it is possible to monitor ROS induction in the living embryos using a redoxsensitive fluorescent dye. We used the zebrafish embryo system to directly compare the biological effects of menadione and radiation exposure, and we found that the phenotypes associated with the two treatments are different. In addition, a genetic manipulation that increases sensitivity to radiation has 
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SHORT COMMUNICATION no effect on sensitivity to menadione. Results do not support the hypothesis that endogenous ROS and low-dose radiation exposure affect the organism in the same way. Rather, they suggest that these stressors work by different mechanisms.
Menadione treatment results in minimal cytotoxicity and is at least partially reversible, which suggests that they are mediated at least in part through signaling events. It may be that oxidative DNA damage leads to transient cell cycle delay, or alternatively that menadione affects redox-sensitive cell signaling proteins. One note of caution is that we cannot rule out the possibility that menadione works by mechanisms in addition to ROS. In mammalian cells, menadione increases phosphorylaton of epidermal growth factor receptor, possibly via ROS-dependent inhibition of a receptor tyrosine kinase (19) , or alternatively by menadione-mediated alkylation of the phosphatase active site (20) . The effect of menadione on mammalian EGFR is seen primarily at concentrations of 25 lM and above (21) , which are substantially higher than the 3-10 lM used here.
It is noteworthy that although ROS produce similar chemical damage regardless of their source, the spatial distribution of damage differs. Radiation-induced ROS originate along discrete radiation tracks and are capable of producing distinctive clustered damage to DNA and other substrates, whereas endogenous ROS are distributed more uniformly. It should be possible to address the mechanism of menadione and radiation more directly in the future, using tools available in the zebrafish model. In particular, it will be of interest to identify genes that modulate the effects of endogenous ROS on the embryo and to determine whether these overlap with genes that affect the radiation response.
CONCLUSION
Menadione (an inducer of endogenous ROS) and ionizing radiation affect the zebrafish embryo by distinct mechanisms.
